Blastomyces dermatitidis belongs to a group of thermally dimorphic fungi that grow as sporulating mold in the soil and convert to pathogenic yeast in the lung following inhalation of spores. Knowledge about the molecular events important for fungal adaptation and survival in the host remains limited. The development of high-throughput analytic tools such as RNA sequencing (RNA-Seq) has potential to provide novel insight on fungal pathogenesis especially if applied in vivo during infection. However, in vivo transcriptional profiling is hindered by the low abundance of fungal cells relative to mammalian tissue and difficulty in isolating fungal cells from the tissues they infect. For the purpose of obtaining B. dermatitidis RNA for in vivo transcriptional analysis by RNA-Seq, we developed a simple technique for isolating yeast from murine lung tissue. Using a two-step approach of filtration and centrifugation following lysis of murine lung cells, 91% of yeast cells causing infection were isolated from lung tissue. B. dermatitidis recovered from the lung yielded high-quality RNA with minimal murine contamination and was suitable for RNA-Seq. Approximately 87% of the sequencing reads obtained from the recovered yeast aligned with the B. dermatitidis genome. This was similar to 93% alignment for yeast grown in vitro. The use of near-freezing temperature along with short ex vivo time minimized transcriptional changes that would have otherwise occurred with higher temperature or longer processing time. In conclusion, we have developed a technique that recovers the majority of yeast causing pulmonary infection and yields high-quality fungal RNA with minimal contamination by mammalian RNA.
Introduction
Blastomyces dermatitidis, the etiologic agent of blastomycosis, belongs to a group of human pathogenic fungi that exhibit thermal dimorphism (Gauthier and Klein, 2008) . These pathogens include Histoplasma capsulatum, Coccidioides immitis, Coccidioides posadasii, Paracoccidioides brasiliensis, Sporothrix schenckii, and Penicillium marneffei (Gauthier and Klein, 2008) . In the soil (22-25°C), these fungi grow as mold that produce infectious conidia. Following soil disruption, aerosolized conidia inhaled into the lungs of a mammalian host (37°C) convert into pathogenic yeast to cause pneumonia (Gauthier and Klein, 2008; Schwarz and Baum, 1951) . Once pulmonary infection is established, these pathogens can disseminate to almost any organ in the body including the brain, skin, and bone (Gauthier et al., 2007) .
At core body temperature, the ability of B. dermatitidis to grow as yeast is critical for pathogenesis and essential for virulence (Nemecek et al., 2006; Finkel-Jimenez et al., 2002 , 2001 . Despite the importance of yeast growth in vivo, few genes have been identified that contribute to survival in lung tissue at 37°C. Upregulation of Blastomyces adhesion-1 (BAD1), which is expressed only in the yeast phase, induces down-regulation of tumor necrosis factor alpha (TNF-a) to facilitate evasion of host immune defenses (Finkel-Jimenez et al., 2002 , 2001 . Blastomyces yeast-phase-specific 1 (BYS1) is highly expressed in the yeast phase and has a minor influence on B. dermatitidis yeast morphology in vitro at 37°C and during murine pulmonary infection (Krajaejun et al., 2010) . With the exception of dimorphism-regulating kinase (DRK1) controlling the morphologic switch to yeast (Nemecek et al., 2006) , knowledge about genes that promote survival and morphogenesis in vivo remains limited to BAD-1 and BYS1, respectively.
The development of high-throughput analytic tools such as gene expression microarrays and RNA sequencing (RNA-Seq) allow for transcript analysis on a genome-wide scale and has provided new insights on fungal pathogenesis (Ngamskulrungroj et al., 2011; Nguyen and Sil, 2008; Dhamgaye et al., 2012) . The application of these techniques for human fungal pathogens has been primarily limited to in vitro growth conditions including cocultivation with cell culture lines and ex vivo experiments using murine macrophages (Ngamskulrungroj et al., 2011; Nguyen and Sil, 2008; Jong et al., 2008; Monteiro et al., 2009; Tavares et al., 2007; Johannesson et al., 2006; Lin et al., 2012; Thewes et al., 2007) . The ability to capture transcriptional events on a genomewide scale for pathogenic yeast during infection has potential to provide novel insight on mechanisms used by fungi for adaptation and survival in tissue to cause disease. However, in vivo transcriptional profiling is hindered by the low ratio of fungal cells to mammalian cells and the difficulty of isolating fungi from tissue. Carryover of excessive mammalian RNA results in suboptimal hybridization of fluorescently labeled fungal cDNA for gene expression microarrays (Thewes et al., 2007) . For RNA-Seq, there is potential for reduced sensitivity to detect low abundance transcripts and difficulty distinguishing fungal from mammalian transcripts if excessive mammalian nucleic acids are present.
Although several techniques have been described for isolation of fungi from the kidney, liver or gastrointestinal tract (Thewes et al., 2007; Zakikhany et al., 2007; Rosenbach et al., 2010; White et al., 2007; Andes et al., 2005; Walker et al., 2009) , isolation of fungi from lung tissue has been limited to those cells obtained by bronchoalveolar lavage (Hu et al., 2008; McDonagh et al., 2008) . None of these existing techniques could be efficiently applied to B. dermatitidis pulmonary infection because yeast recovered by bronchoalveolar lavage would be limited to cells in the alveolar and endobronchial spaces, but not within pyogranulomas. Herein, we describe a simple, new two-step technique to isolate B. dermatitidis yeast from lung tissue for the purpose of analyzing the transcriptional response of this pathogen during experimental murine infection. This technique eliminates the majority of murine RNA and yields high-quality, fungal RNA suitable for in vivo transcriptional analysis by RNA-Seq.
Methods

Strains and media
B. dermatitidis American Type Culture Collection (ATCC) strain 26199 was used for in vivo and in vitro experiments. This strain was isolated from a patient from South Carolina and is highly virulent in a murine model of infection (Brandhorst et al., 1999; Wüthrich et al., 2002) . B. dermatitidis cultures were maintained as yeast on Histoplasma macrophage medium (HMM) at 37°C (Worsham and Goldman, 1988) .
Murine infection
B. dermatitidis ATCC 26199 yeast were used to infect C57BL/6 male mice (7 weeks of age). Each mouse received 2 Â 10 3 B. dermatitidis yeast intratracheally using the protocol described by Wüth-rich and colleagues . Following inoculation, mice were clinically monitored for signs and symptoms of infection. At 17 days post-infection, mice were euthanized by carbon dioxide and the lungs were immediately excised for isolation of yeast.
Isolation of B. dermatitidis yeast from murine lung tissue
Excised lungs were placed in individual 50 ml polypropylene conicals containing 20 ml of double-distilled, sterile water (ddH 2 O) pre-chilled (4°C) and supplemented with 100 ll DNase I (10 lg/ ml; Roche). Twenty milliliters was selected because smaller volumes such as 5 ml resulted in coagulation of blood at near-freezing temperature, which in turn, impaired isolation of yeast from lung tissue. Water was used to facilitate lysis of murine cells without altering integrity of B. dermatitidis yeast. Excised lungs were homogenized for 15 s using an Omni TH tissue homogenizer at full speed (Omni International, Kennesaw, GA) .
Following homogenization, a two-step process consisting of filtration and centrifugation was used to isolate B. dermatitidis yeast.
Homogenized samples were passed through a 40 lm nylon mesh cell strainer (ThermoFisher Scientific, Waltham, MA). The rubberized end of a syringe plunger was used to help press the homogenate through the strainer. Tissues larger than 40 lm were retained, whereas B. dermatitidis yeast (8-15 lm in size) and finely homogenized tissues were collected. To separate yeast from the remaining lung tissue fragments, samples were centrifuged at 770g for 5 min at 4°C. B. dermatitidis yeast formed a pellet, while the murine tissue was located in the supernatant and the interface (between the pellet and supernatant). The supernatant and interface were removed using a serologic pipette (referred to as supernatant-interface fraction or SIF). The yeast pellet was resuspended in 500 ll of ice-cold sterile ddH 2 O and transferred to a new polypropylene conical tube. This was followed by a 20 ml wash using ice-cold sterile ddH 2 O and centrifugation at 770g for 5 min at 4°C. The wash step facilitated removal of residual murine tissue. The supernatant was removed using a serologic pipette, and the yeast pellet (referred to as recovered yeast fraction or RYF) was suspended in 1 ml of ice-cold sterile ddH 2 O and rapidly frozen in liquid nitrogen in a drop-by-drop manner. Samples were kept on ice at all times. To minimize time spent ex vivo, mice were euthanized in pairs and lungs were processed immediately. Time ex vivo was less than 30 min and except for lung harvest, samples were kept at near-freezing temperature during all processing steps. For quality control, the SIF and 40 ll of the RYF were saved for microscopic analysis and quantitation of yeast enrichment. Yeast in the RYF and SIF were enumerated using a hemocytometer.
Analysis of the effect of temperature, time, and water treatment
Cultures of B. dermatitidis yeast were grown while shaking (220 rpm) in liquid HMM overnight at 37°C and collected by centrifugation (770g for 2 min). Parallel culture pellets were treated in several different ways: (1) immediately frozen in liquid nitrogen; (2) resuspended in 20 ml of ddH 2 O either pre-chilled to 4°C or pre-warmed to 37°C, recentrifuged, and the pellets frozen in liquid nitrogen (no-incubation sample); (3) resuspended in 20 ml of ddH 2 O either pre-chilled to 4°C or pre-warmed to 37°C and held without shaking for 30 min, 6 h, and 24 h at either 4°C or 37°C in 50 ml polypropylene conicals prior to centrifugation and freezing in liquid nitrogen. All frozen yeast samples were stored at À80°C prior to total RNA extraction.
Isolation of total RNA
Total RNA was extracted from yeast using the phenol-guanidinium thiocyanate-1-bromo-3-chloropropane extraction method (Sambrook and Russell, 2001) . Frozen yeast cells were ground into a fine powder by a mortar and pestle and resuspended in TRI Regent (Molecular Research Center, Inc., Cincinnati, OH). Following separation by 1-bromo-3-chloropropane (Molecular Research Center, Inc., Cincinnati, OH), RNA was precipitated using isopropanol and high-salt solution (1:1 ratio; Molecular Research Center, Inc.), washed with 75% ethanol, and resuspended in RNase-free water. To remove residual DNA for qRT-PCR or RNA-Seq, samples were treated in solution with Turbo DNase (BioRad, Hercules, CA) followed by additional purification using an RNeasy kit (Qiagen). Nanodrop spectrophotometry (Nanodrop Products, Wilmington, DE), 0.8% agarose gel electrophoresis, and an Agilent Bioanalyzer (Agilent Technologies; Santa Clara, CA) were used to assess RNA integrity. Removal of genomic DNA was confirmed by PCR on cDNA using primers spanning the intron of alpha-1,3-glucan synthase.
Quantitative real-time PCR (qRT-PCR)
Total RNA extracted from RYFs and in vitro cultures was treated in solution with TurboDNase (BioRad) and cleaned using RNeasy column (Qiagen) to remove genomic DNA and other contaminants.
Following this, 1 lg of RNA was converted to cDNA using an iScript cDNA synthesis kit (Bio-Rad) per manufacturer's instructions. Total RNA extracted from infected lungs that were frozen in liquid nitrogen immediately after excision (referred to as whole lung RNA) was treated in similar fashion. Quantitative real-time PCR was performed with SsoFast EvaGreen Supermix (Bio-Rad) using a MyiQ real-time PCR detection system (Bio-Rad). Cycle conditions were as follows: 95°C 30 s, 1 cycle; 95°C 5 s, 60°C 10 s, 40 cycles. Following completion of qRT-PCR, melt curve analysis was performed. Primers used for qRT-PCR were B. dermatitidis GAPDH forward AC-CCCCGCTCCTCCATCTTC, B. dermatitidis GAPDH reverse GAG-TAGCCCCACTCGTTGTCATACC, Mus musculus FTH1 forward GCTG AATGCAATGGAGTGTG, M. musculus FTH1 reverse GTCACA-TAAGTGGGGATCATTCT, B. dermatitidis TPS1 forward GGCAGCATCA TCGTCAATC, TPS1 reverse CTCTGTTCATCACTCATCGTCAC, TPS2 forward CAAGCGTGGAAGAGGAGAAG, TPS2 reverse GCCGTTGATAGT GGAAACAAG, YPD1 forward AAAGAGGCGTGCGAAAAG, YPD1 reverse CTTCAGCGAGACTTCCTTATTG, HOG1 forward TCCGCAGGAG TCGTCCATC, and HOG1 reverse GCAAGACCAAAGTCGCAAATC. Relative expression (RE) was calculated by the method of RE = 2
ÀDCt or 2
ÀDDCt (Livak and Schmittgen, 2001 ).
RNA sequencing (RNA-Seq)
Total RNA isolated from yeast during in vivo infection (two pools of five mice each) and yeast grown in liquid HMM (two replicates) was analyzed by RNA-Seq. The amount of RNA submitted for sequencing was 8.5 lg for pool #1, 8.2 lg for pool #2, 8.5 lg for in vitro biological replicate #1, and 8.8 lg for in vitro biological replicate #2. Strand-specific libraries were constructed for all RNA samples using the dUTP second strand marking method (Parkhomchuk et al., 2009; Levin et al., 2010) as previously described (Cuomo et al., 2012) . Briefly, polyA RNA was purified using the Dynabeads mRNA Purification kit (Life Technologies, Grand Island, NY), and the resulting mRNA was treated with the Turbo DNA-free kit. Fragmentation buffer (Affymetrix, Santa Clara, CA) was added to samples on ice; samples were incubated at 80 C for 4 min, and then on ice for 5 min. RNAClean XP beads (Beckman Coulter Genomics) were used to purify the RNA. To convert the mRNA to cDNA, SuperScript Double-Stranded cDNA synthesis kit (Life Technologies) was used. For second strand synthesis, dTTP was replaced by dUTP. The cDNA samples were used to make Illumina-adapted libraries, starting at the end-repair step (Fisher et al., 2011) . Samples were pooled and sequenced on the Illumina HiSeq to generate 101 base reads.
RNA-Seq quality was first evaluated by examining the percent called pass filter (PF) by the Illumina pipeline; all samples contained at least 93% PF reads. Base quality measured by Q20 (1 error every 100 bases) was also very high, with at least 90% of bases showing at least Q20 for all samples. Reads were aligned to the B. dermatitidis 26199 genome (Genbank accession AEII01000000) using the Burrows-Wheeler alignment tool (Li and Durbin, 2009) . To estimate the proportion of reads with non-specific mapping to both the Blastomyces and mouse (mm9, http://genome.ucsc.edu/cgi-bin/hgGateway?db=mm9) genomes, reads were re-aligned to each genome using bowtie and the proportion of reads with alignments to both genomes was calculated (Langmead et al., 2009 ).
Results
Efficient isolation of B. dermatitidis yeast from murine lung tissue
At 17 days post-infection, lungs from 11 mice were enlarged with multiple granulomas as expected (data not shown). The lungs were excised, homogenized in sterile water at near-freezing temperature, passed through a nylon-mesh filter, and yeast cells were separated from lung tissue by centrifugation. B. dermatitidis yeast, but not pseudohyphae or hyphae, were found in the recovered yeast fraction (RYF) and the fraction containing the supernatant and interface (SIF) (Fig. 1A and B) .
To quantify recovery of B. dermatitidis yeast from infected lung tissue at the time of lung harvest, yeast in the RYF and SIF were enumerated using a hemocytometer (Table 1 ). The burden of murine lung infection, calculated by addition of SIF and RYF, ranged between 8.2 Â 10 6 and 3.81 Â 10 7 (Table 1) . Nearly 91% of yeast cells in infected lungs were found in the RYF (Table 1) .
Recovered yeast RNA was of high quality and suitable for RNA-Seq
The filtration-centrifugation technique for isolation of B. dermatitidis yeast facilitated recovery of total RNA with yields greater than 20 lg in 91% of mice (Table 1) . For mouse #4, total RNA yield was low (9.67 lg) despite recovery of 2.20 Â 10 7 yeast from lung tissue (Table 1) and may have been related to suboptimal RNA extraction. Analysis of ribosomal RNA by agarose gel electrophoresis suggested the majority of RNA from the recovered yeast fraction was from B. dermatitidis rather than from mouse (Fig. 2) . RNA extracted from infected mouse lungs immediately frozen in liquid nitrogen (referred to as whole lung RNA) demonstrated an electrophoretic pattern distinct from RNA isolated from in vitro culture or RYF (Fig. 2) . The murine ribosomal large subunit (LSU, 28S) band had a higher molecular weight than the B. dermatitidis ribosomal LSU band, whereas the ribosomal small subunit (SSU, 18S) bands for M. musculus and B. dermatitidis were similar in size (Fig. 2) . For whole lung RNA, the murine ribosomal LSU band was more prominent than the B. dermatitidis LSU band. In contrast, the murine ribosomal LSU band was not visible for RNA harvested from in vitro culture or RYF; the B. dermatitidis LSU band was predominant (Fig. 2) .
To confirm that RYF was enriched for B. dermatitidis RNA and depleted of murine RNA, transcript abundance of B. dermatitidis GAPDH and M. musculus FTH1 (ferritin heavy chain 1) was analyzed using qRT-PCR (Fig. 3) . GAPDH transcript is abundant in yeast, whereas FTH1 is not encoded in the B. dermatitidis genome (fungi use siderophores rather than ferritin to store iron). Equal amounts of DNase-treated RNA from RYFs for mice 1, 3, 5, 7, 9 (pool #1) and 2, 6, 8, 10, 11 (pool #2) along with controls (in vitro culture and whole lung) were converted to cDNA. Mean GAPDH Ct values (±standard deviation) were 21.56 (±0.22), 25.79 (±0.27), 22.15 (±0.01), and 22.23 (±0.06) for in vitro culture, whole lung, RYF pool #1, and RYF pool #2, respectively. To quantify enrichment for B. dermatitidis RNA, transcript values for whole lung, RYF pool #1, and RYF pool #2 were normalized to GAPDH transcript from in vitro cultures and relative expression was calculated. GAPDH transcript for pools #1 and #2 were 12.4 and 11.8-fold more abundant when compared to whole lung (Fig. 3A) . To assess for reduction in murine RNA, M. musculus FTH1 transcript abundance was analyzed. Mean FTH1 values (±standard deviation) were 25.32 (±0.80), 34.07 (±0.62), and 33.30 (±0.50) for whole lung, RYF pool #1, and RYF pool #2, respectively. As expected, M. musculus FTH1 was not detected for B. dermatitidis yeast grown in liquid culture. FTH1 from RYF pools #1 and #2 were normalized to FTH1 from whole lung and relative expression was calculated. For RYF pools #1 and #2, transcript abundance for M. musculus FTH1 was >250-fold lower compared to whole lung RNA (Fig. 3B) . Collectively, these data indicated that separation of B. dermatitidis yeast from murine lung tissue and reduction of murine RNA resulted in enrichment and enhanced detection of B. dermatitidis RNA.
Quality control analysis for RNA-Seq demonstrated the RNA sequence reads from RYF pools #1 and #2 were predominately B. dermatitidis in origin (Table 2) . Ninety-three percent of RNA sequences from the pooled RYFs and in vitro cultures passed initial quality control (Table 2 ). This data along with measured RNA integrity numbers using an Agilent Bioanalyzer (7.6 for pool #1 and 7.8 for pool #2) indicated RYF RNA was of high quality. Importantly, 86% and 88% of sequencing reads for RYF pool #1 and pool #2 aligned to the B. dermatitidis 26199 genome, respectively (Table 2 ). In comparison, 93.15% and 92.8% of sequencing reads for in vitro cultures could be aligned to the B. dermatitidis 26199 genome. Moreover, less than 0.27% of the RNA-Seq reads from the RYFs that aligned to the B. dermatitidis genome also cross-mapped to the M. musculus genome. These data indicate the majority of contaminating murine RNA was removed from the RYFs and that the RYF RNA-Seq reads were highly specific for B. dermatitidis.
Techniques that did not enrich for B. dermatitidis yeast failed to yield RNA of suitable quality for genome-wide expression analysis. Treatment of lung homogenates with a cocktail of RNase A, DNase I and collagenase degraded murine RNA, but did not completely remove it. Agarose electrophoresis demonstrated a large smear of degraded murine RNA, which precluded accurate determination of the quantity and quality of B. dermatitidis RNA (data not shown). Homogenization of infected lungs in a RNA stabilization solution (RNAlater, Life Technologies) followed by filtration and centrifuga- tion did not adequately separate B. dermatitidis yeast from lung tissue because the pellet consisted of both yeast cells and murine tissue.
Impact of temperature, time, and water on transcription
To minimize changes in transcript abundance, infected murine lungs were kept at near-freezing temperature during all processing steps and ex vivo time was limited to less than 30 min. Despite these efforts, there was potential for transcriptional changes, including those involved with adaptation to near-freezing temperature (Krandror et al., 2004) , exposure to water to lyse murine cells, and processing time. The near-freezing response has been described in Saccharomyces cerevisiae and includes genes involved with the cold shock response and trehalose biosynthesis (Murata et al., 2006) . This adaptive response occurs within 6 h of exposure to 4°C (Murata et al., 2006) . In addition, alterations in the hyperosmolarity glycerol (HOG) pathway have been described under cold stress (Panadero et al., 2006) . The effect of a short exposure to near-freezing temperature on transcription has not been established in S. cerevisiae or the dimorphic fungi.
To investigate if transcription is altered during a short exposure to water and near-freezing temperature, qRT-PCR was used to analyze changes in transcript levels for genes involved with trehalose biosynthesis (TPS1 and TPS2) and the HOG pathway (YPD1 and HOG1). Homologs of S. cerevisiae cold shock response genes such as TIP1, TIR1-4, PAU1-7 were not identified in the B. dermatitidis genome by tBLASTn (data not shown). RNA was extracted from yeast grown in HMM at 37°C and yeast pellets resuspended at time 0 (no-incubation), 30 min, 6 h, and 24 h incubation in vitro at 37°C or 4°C (Fig. 4) . Except for a decline in transcript at 6 h, TPS1, TPS2, YPD1, and HOG1 transcript levels were similar to the no-incubation time point at 30 min and 24 h incubation at 4°C (Fig. 4) . In contrast, transcript levels for TPS1, TPS2, YPD1, and HOG1 were elevated at 37°C when compared to no-incubation at 30 min, 6 h, and 24 h (Fig. 4) . These data suggested that exposure to 4°C minimized changes in transcript abundance that would have otherwise occurred if the samples were processed at a higher temperature or for a longer duration.
Discussion
We developed a simple, new technique for isolating pathogenic yeast from murine lung tissue in order to obtain high-quality fungal RNA for genome-wide gene expression analysis. We applied the method to B. dermatitidis. Understanding the in vivo transcriptional profile of B. dermatitidis yeast during pulmonary infection has the Fig. 2 . Agarose gel electrophoresis of RNA. RNA extracted from infected whole lungs, in vitro culture of B. dermatitidis yeast, and recovered yeast fraction (RYF) from mice 1 to 6. For the whole lung sample, infected lungs from two mice were immediately placed into liquid nitrogen following excision and RNA was extracted. The black arrow marks the murine ribosomal large subunit band (LSU, 28S) band. The white arrow indicates B. dermatitidis LSU ribosomal band. The light gray arrow denotes the small subunit (SSU, 18S) ribosomal band, which was similar in size for B. dermatitidis yeast and murine lung tissue. For the whole lung sample, the murine ribosomal LSU band (black arrow) was bright, whereas the B. dermatitidis ribosomal LSU band was faint (white arrow). In contrast, the predominant ribosomal LSU band for RYF (mice 1-6) was the same size as RNA obtained from in vitro cultures. The murine ribosomal LSU band was not visible. The agarose gel is a representative example and similar results were observed for RYFs from mice 7 to 11. Each lane was loaded with 300 ng of total RNA based on spectrophotometric quantification. (A) (B) Fig. 3 . Quality control analyses for enrichment of B. dermatitidis RNA and reduction of murine RNA. RNA extracted from in vitro liquid culture, infected whole lungs, and RYFs were analyzed by qRT-PCR for B. dermatitidis GAPDH and M. musculus FTH1. (A) Transcript abundance for B. dermatitidis GAPDH was 12.4 and 11.8-fold higher for RYF pool #1 and RYF pool #2 compared to the whole lung sample, respectively. The results were averaged from two experiments. Relative expression (RE) was calculated by RE = 2 ÀDCt = 2 À((GAPDH whole lung, pool #1, or pool #2)À(GAPDH in vitro culture)) . (B) M. musculus FTH1 was 250-fold lower in RYF from pools #1 and #2 when normalized to FTH1 transcript abundance in infected whole lungs. Relative expression was calculated by RE = 2 À((FTH1 pool #1 or #2)À(FTH1 whole lung)) and converted to log base 2. The results were averaged from two experiments. potential to identify novel virulence genes and provide deeper insight into the regulatory pathways that contribute to pathogenesis. Knowledge of genes used by fungi to adapt to and survive in host tissue remains limited. DRK1 and BAD1 in B. dermatitidis facilitate the temperature-dependent conversion from mold to yeast and evasion of host immune defenses, respectively (Nemecek et al., 2006; Finkel-Jimenez et al., 2002 , 2001 ). H. capsulatum calcium binding protein-1 (CBP1) allows for survival in macrophages and yeast-phase specific-3 (YPS3) enables dissemination (Sebghati et al., 2000; Bohse and Woods, 2007) . In contrast, required-foryeast-phase genes (RYP1-3) encode transcriptional regulators that promote the conversion of H. capsulatum to yeast at 37°C (Nguyen and Sil, 2008; Webster and Sil, 2008) . Deletion of spherule outerwall glycoprotein (SOWgp), metalloproteinase (MEP1), and urease (URE) genes attenuates virulence of C. immitis and C. posadasii (Hung et al., 2005 (Hung et al., , 2002 Mirbod-Donovan et al., 2006) . Although investigation of these genes has provided valuable insight on fungal virulence, a comprehensive picture of the regulatory genetic networks in which these genes participate during infection remains unknown. . These findings may not accurately reflect the transcriptional changes required for yeast cell survival in vivo because the host environment is complex, dynamic, and difficult to mimic in vitro or ex vivo. Moreover, the type of tissue that is infected (i.e. oral cavity, esophagus, liver, kidney) can influence the transcriptional response (Kumamoto, 2008) . Comparative analysis of Candida albicans gene expression has demonstrated that the transcription profile for cells during in vivo oropharyngeal infection and in vitro growth were substantially different (Fanning et al., 2012; White et al., 2007) . Similarly, differences in transcript abundance for in vivo and ex vivo infections were observed during invasion of hepatic tissue by C. albicans (Thewes et al., 2007) . Moreover, C. albicans cells involved in gastrointestinal colonization have a unique transcriptional profile compared to cells grown in culture (Rosenbach et al., 2010; White et al., 2007) . These studies illustrate the limitations of using in vitro methods for modeling in vivo events and highlight the importance of in vivo transcriptional profiling for genes associated with infection or colonization.
Enrichment of yeast RNA and reduction of mammalian RNA is an important technical hurdle to overcome for in vivo transcriptional profiling. C. albicans RNA has been successfully isolated from the oral cavity, peritoneal cavity, liver, kidney, and gastrointestinal tract for gene expression microarray analyses (Andes et al., 2005 ; When compared to the no-incubation time point, transcript abundance increased for genes at 37°C at 30 min incubation (3.9-fold for TPS1, 4.9-fold for TPS2, 2.5-fold for YPD1, and 2.7-fold for HOG1). In contrast, cultures held for 30 min at 4°C prevented the increase in transcript abundance (60.1-fold change) when compared to the no-incubation time point. With the exception of a 1.8-and 1.7-fold reduction in transcript for TSP1 and HOG1 at 6 h 4°C, changes in transcription were minimal at 4°C. In contrast, the transcriptional changes were more dynamic at 37°C. The results were averaged from two experiments. Relative expression was calculated using the 2 ÀDDCt method. DCt = (Ct of gene of interest) À (Ct of GAPDH) for each time point and cultures grown in HMM. DDCt = (DCt of the time point) À (DCt of HMM). Walker et al., 2009; Zakikhany et al., 2007; Thewes et al., 2007; Rosenbach et al., 2010; White et al., 2007) . Similarly, Cryptococcus neoformans RNA has been enriched from the cerebral spinal fluid and early in pulmonary infection for differential display RT-PCR and SAGE analyses (Rude et al., 2002; Steen et al., 2003; Hu et al., 2008) . A variety of techniques have been used to extract fungal RNA including biopsy of infected hepatic tissue (Thewes et al., 2007) , collection of intraperitoneal yeast by lavage (Thewes et al., 2007) , scraping pseudomembranes from humans with oral candidiasis (Zakikhany et al., 2007) , harvest of feces from the cecum (Rosenbach et al., 2010; White et al., 2007) , enzymatic degradation of murine DNA and RNA from renal tissue (Andes et al., 2005) , surgical excision of the renal cortex (Walker et al., 2009 ), collection of infected CSF (Rude et al., 2002; Steen et al., 2003) , and bronchoalveolar lavage (Hu et al., 2008) . However, none of these existing techniques were applicable for isolation of B. dermatitidis during experimental pulmonary infection. Surgical excision or selective biopsy of infected pulmonary tissue was impractical because an infected lung can have hundreds of pyogranulomas. RNA extracted from lungs immediately frozen in liquid nitrogen contained an overwhelming amount of murine RNA, which in turn, precluded accurate assessment of B. dermatitidis RNA for quality control and would limit detection of low abundant fungal transcripts. Excessive amounts of mammalian RNA have led to suboptimal results in genome-wide gene expression analysis (Thewes et al., 2007) . Although bronchoalveolar lavage is feasible, the recovery of B. dermatitidis would be limited to yeast located in the alveolar spaces, but not within pyogranulomas. Treatment with RNase resulted in partial degradation, but not removal of murine RNA. Moreover, enzymatic digestion of nucleic acids requires prolonged incubation at 37°C, which would substantially alter transcript abundance. Thus, the technique described herein is simple, new, and tailored for isolation of yeast that cause invasive pulmonary infection.
The two-step procedure of filtration and centrifugation following lysis of infected lung tissue resulted in substantial enrichment of B. dermatitidis yeast cells, recovery of high-quality fungal RNA, and elimination of the majority of M. musculus RNA. The protocol was quick, straightforward, and did not require expensive reagents or equipment. Moreover, quality controls including visual inspection of RYF by light microscopy and use of agarose gel electrophoresis along with qRT-PCR accurately predicted reduction of M. musculus RNA, which was reflected by high percentage of RNASeq reads from the RYF that aligned to the B. dermatitidis genome. The effort to minimize ex vivo sample time and the use of nearfreezing temperature appeared to minimize transcriptional changes that would have otherwise occurred with longer processing time or higher temperature.
Although the two-step protocol for isolation of B. dermatitidis yeast from lung tissue was simple and yielded high-quality fungal RNA suitable for genome-wide expression analysis, there were potential limitations. Recovery of yeast may be limited during early stages of infection (i.e. the first week post-inoculation) when the burden of infection in each animal is low. This may require protocol modification such as pooling of lungs for processing or pooling of RYFs prior to RNA extraction. There was potential for technical aspects of yeast recovery to cause subtle changes in transcription; however, the use of near-freezing temperature to slow transcription together with short processing time ex vivo appeared to minimize these changes. Finally, this protocol may be limited to fungi that grow as yeast in lung tissue. Homogenization of lungs infected with filamentous fungi such as Aspergillus fumigatus could destroy hyphal cells and preclude recovery of RNA, although this would need to be investigated.
In conclusion, we developed a simple, new technique for isolating B. dermatitidis yeast and RNA from lung tissue during experimental murine infection. The quality and quantity of RNA was suitable for RNA-Seq. This technique is likely applicable to other pathogenic fungi that cause pneumonia such as H. capsulatum, Coccidioides species, Paracoccidioides brasiliensis, and Cryptococcus species. The ability to effectively isolate yeast from lung tissue will provide new insight for understanding how pathogenic fungi adapt to and survive in the host to cause disease. This, in turn, will open novel avenues for exploring host-pathogen interactions.
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